~~
INTRODUCTION
Oxygen plays an ambivalent role in aerobic diazotrophy: on the one hand it is essential as terminal electron acceptor in oxidative phosphorylation, and on the other it is potentially harmful to the nitrogenfixation process. This so-called oxygen dilemma has been the subject of many studies on aerobic nitrogen fixation. A variety of strategies has been developed by micro-organisms to deal with the dilemma (Gallon, Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Fri, 29 Mar 2019 22:52:48 F. C. BOOGERD a n d OTHERS 1992). Two of these strategies are relevant in the present study : respiratory protection and auto-protection.
The concept of respiratory protection was proposed originally to explain the capability of Axotobacter spp.
to fix nitrogen under fully aerobic conditions notwithstanding the oxygen sensitivity of their nitrogenase (Dalton & Postgate, 1969a, b) . These bacteria increase their respiration when the 0, tension is increased; the increase in the rate of 0, consumption is believed to keep the 0, concentration around the nitrogenase low enough to allow nitrogen fixation (Hill, 1988; Yates, 1988) . The increment in respiration at increasing oxygen tensions would necessarily result in too high a rate of ATP production. The observed concomitant loss of one or more of the free-energy conservation segments in the respiratory chain of Axotobacter spp. is therefore considered obligatory to avoid ATP overproduction. The decline in cellular P/O ratio would then explain one of the salient features of diazotrophy in the free-living state, i.e. a substantial decline of the growth yield with increasing oxygen pressures (Hill, 1988 (Hill, , 1992 Yates, 1988) .
Alternatively, auto-protection has been suggested to be (partially) responsible for the observed increase in respiration at increasing 0, concentrations in Azoto6acter spp. Auto-protection is based on the in vitro catalytic ability of the Fe-protein to reduce 0, without being inactivated, when 0, is not in excess (Thorneley & Ashby, 1989) . Previously, we have proposed that this reaction, and perhaps other nitrogen-fixation-specific auto-oxidations as well, may also occur in vivo during aerobic diazotrophic growth (Boogerd et al., 1994) .
Azorhizo6ium caulinodans is able to elicit the formation of stem and root nodules on the tropical legume Sesbania rostrata. This bacterium is unique among rhizobia, because it is also capable of growing in the free-living state on N, as the sole N source (Dreyfus et al., 1981; Pronk et al., 1995a) . In contrast with N,-fixing Azoto6acter spp., A. caulinodans is only capable of growing diazotrophically at dissolved partial 0, pressures (dpO,) up to +. 5 kPa (De Vries et al., 1986; Pronk, 1995) . The growth yield of N,-fixing A. caulinodans decreased and the specific 0, consumption rate increased with increasing dpO, from 0.3 to 3.0 kPa (Boogerd et al., 1994) .
Besides oxygen protection, another characteristic of nitrogen fixation that may result in lower growth yields is nitrogenase-catalysed hydrogen production (Stam et al., 1987) . Using a mutant strain devoid of the H,-uptake hydrogenase, it was found that, at low dpO,, the H,/N, ratio was only 1.9 (De Vries et al., 1988) . Moreover, when the dpO, was increased from 0.3 to 3.0 kPa, the H,/N, ratio increased only 1.4-fold (Boogerd et al., 1994) . Only a minor part of the decrease in the growth yield could be attributed to the increase in the H,/N, ratio ; it was concluded that the remaining part might be due either to a decrease in the efficiency of oxidative phosphorylation (consistent with respiratory protection) or to an increase in free-energy-spilling reactions during nitrogen fixation (consistent with auto-protective reactions) (Boogerd et al., 1994) .
There is firm evidence that the respiratory chain of A.
caulinodans potentially terminates in four oxidases : two quinol oxidases (cytochromes o and 6 d ) and two cytochome c oxidases (cytochromes aa, and 6663) (Kitts & Ludwig, 1994; Mandon et al., 1994; Kaminski et al., 1996) . Oxidative phosphorylation is most efficient when electrons are transported via the 6c, complex and cytochrome aa, and less efficient when electrons are transferred via either of the quinol oxidases. The energetic efficiency of the route to cytochrome 6663 depends on whether this oxidase is proton-translocating.
Although cytochrome 6663 of Paracoccus denitrificans has the capability of pumping protons (Raitio & Wikstrom, 1994; De Gier et al., 1996) , it might not do so under all conditions (De Gier et al., 1994 , 1996 ; termination of respiration at cytochrome 6663, which has no or a lower proton-pumping activity would also result in less efficicient free-energy transduction compared to cytochrome aa,. Consequently, if redistributions of electron flow occur at increasing dpO, from high-to lower-energetic efficiency routes, our previous observation of a declining growth efficiency in A.
caulinodans wild-type ORS571 (Boogerd et al., 1994) would be consistent with the concept of respiratory protection. Alternatively, if such redistributions do not or cannot take place, the experimental data would be in favour of auto-protection. Therefore, to test both hypotheses we performed a quantitative and comparative study on steady-state growth of the wild-type and a cytochrome aa, mutant of A. caulinodans on either N, or NH; as the N sources at increasing dpO,. For growth on N, as the N source, the results indicate that (i) the wild-type uses cytochrome aa3 over the whole 0, regime studied, (ii) respiratory protection is less likely to occur and (iii) cytochrome aa, may partly compensate for the loss of free energy accompanying auto-protection.
METHODS
Symbols and abbreviations. These are listed in Table 1 .
Bacterial strains. Wild-type Asorbizobiurn caulinodans (ORS 571) was used (Dreyfus et al., 1988) . The A. caulinodans mutant strain 64003 (coxA : : Km') (Kitts & Ludwig, 1994) was kindly provided by R. A. Ludwig, University of California, Santa Cruz, USA. Continuous cultures. Chemostat cultures at a fixed dilution rate of 0 1 h-l were performed as described before (Boogerd et al., Pronk, 1995) . All mutant cultures were supplied with filter-sterilized kanamycin (1 mg 1-l). Succinic acid was used as carbon and free-energy source: 50 mM for N,-grown cultures and 30 mM for NHi-grown cultures. These cultures grew with succinic acid as the external limiting factor. Ammonium chloride (10 mM) was used in the NHi-grown cultures. Temperature and pH were kept at 35 O C and 6.8, respectively. By means of a process controller the dpO, was maintained at the desired level through negative feedback on the stirring rate, using an oxygen sensor (Ingold). Stirring was in the range 650-900 rotations min-l. 
The principles of the pH-auxostat, which differ fundamentally from those of the chemostat, have been described by several authors (Martin & Hempfling, 1976; Rice & Hempfling, 1985; Gostomski et al., 1994) . In short, as a result of the growth-dependent pH change, the pH of the culture drifts away from a given setpoint and, consequently, fresh medium is added to adjust the pH to the setpoint. In this way, steady states are attained in which the bacteria grow at the maximal specific growth rate (pmax) allowed for by the imposed growth conditions. For pH-auxostat cultures, the medium was different from that used for chemostat cultures. To obtain the desired pH change in response to growth, sodium succinate (40 mM) was used instead of succinic acid. Metabolism of succinate brought about alkalinization of the culture. The relationship between the buffering capacity of the inflowing medium (BC,), the stoichiometry of proton consumption related to growth (h), and the biomass concentration at steady state (x) is as follows : x = BC,/h. BC, is defined as the amount of alkali required to change the pH of 1 litre of the medium in the reservoir to the pH of the medium in the growth vessel in millimoles. x is expressed in g dry weight 1-' and h is defined as mmol protons absorbed per g dry weight produced. The buffering capacity of the medium was adjusted to such a level that the dry weight of the culture was approximately 0-7 g 1-1 ; phosphate buffer was added as KH,PO, (5 mM) and 32 ml concentrated H,SO, (Baker, 95-97%, v/v) was added to 20 litres of medium. The final pH of the medium was 4 3 and the BC, was determined to be 52 mM. The pH of the cultures was maintained at 7.0. The culture medium contained all nutrients in excess of the amounts needed to produce 0 7 g 1-' biomass, as calculated from previous chemostat data (Boogerd et al., 1994; Pronk, 1995) .
Residual succinate in the pH-auxostat. In theory, during steady-state growth in a pH-auxostat the residual succinate concentration in the culture vessel (S,) is determined as follows (Rice & Hempfling, 1985) :
S, is the succinate concentration (mmoll-') in the medium reservoir. In our pH-auxostat cultures all nutrients were present in excess. anticipated that S, would be more or less constant for all cultures, regardless of the dpO, or the specific growth rate. To check the validity of this prediction, the residual succinate (S,) was estimated from the organic carbon content of the culture supernatants. For all supernatants of pH-auxostat cultures grown on medium with 40 mM succinate similar organic carbon concentrations were indeed found; the mean value of the calculated succinate concentration was 10.5 mM (SEM = 01, n = 24). To check whether this organic carbon consisted of succinate, a random selection of the samples was taken and used to specifically determine succinate by gas chromatography. Succinate concentrations in all tested samples were similar : 8-9 mM (SEM = 02, n = 13). As both methods yielded similar results, the succinate concentration calculated from the organic carbon concentration was used in further calculations.
Determination of , I +, , =. The above succinate concentrations are sufficiently high to saturate specific growth rate. Consequently, the specific growth rates measured were maximal with respect to the concentrations of all growth substrates and hence are referred to as pmax.
The flow rate of the medium was measured by collecting the culture outflow in a vessel which was placed on a balance. The specific weight of the culture liquid was 1 kg 1-l. To register the weight of the culture outflow every 5 min, a Macintosh computer was connected to the balance and software was developed for storing the weighing data. T o determine the flow rate of the culture liquid effluent, the slopes of the lines drawn between every two successive weight measurements were calculated. These derivatives are highly scattered due to a discontinuous culture outflow, so to obtain the flow rate during transient and steady states, the running mean of 21 measurements was calculated. The dilution rate (h-l) was determined as the ratio between the culture effluent flow rate and the culture volume, both measured at steady state. It was assumed that the dilution rate equalled p at steady state.
Gas analysis. The composition of the influent and effluent gas was determined with an on-line-connected single-detector, magnetic-sector mass spectrometer (MM8-80F ; VG Instruments). The influent gas flow was fixed at 201 h-l. The composition of the effluent gas was corrected for changes in the outgoing gas flow rate (Van der Aar et al., 1989). CO, production and 0, consumption rates were calculated from the differences between the percentages in the influent and effluent gas, together with the flow rate of incoming gas (Boogerd et al., 1994 This is in line with our pH-auxostat experiments (see below), in which the specific growth rate declined to 0.1 h-l as the dpO, exceeded 2 kPa.
The growth yield on succinate (Y,,,) , the growth yield on oxygen ( Yo2) and the specific rate of 0, consumption (qo,) are shown in Fig. 1 as a function of the dp0,. For comparison, the 95% confidence areas of the corresponding growth properties of A. caulinodans strains that do not harbour a mutated coxA gene (Boogerd et aZ., 1994) are included in Fig. 1 . The Y,,, of the aa3 mutant strain fell mostly somewhat below that of the wild-type (Fig. la) , but the statistical significance was low due to the overlap of the confidence areas. However, the Yo, will serve as a more sensitive indicator of growth yield differences, because per mole of succinate approximately two moles of oxygen are consumed. Differences between the YO2 of the 44, mutant strain and that of the wild-type were indeed significant ( Fig. l a ) ; the YOp of the aa3 mutant strain and the wild-type were 11.3 and 12.9, respectively, at 0 5 kPa and decreased to 8.5 and 9.4, respectively, at 3.0 kPa dp0,. As the chemostat's dilution rate was always the same (D = 0.1 h-l) the difference in growth yield can also be noticed when 40, is plotted against the dpO, (Fig. Ib) . The qo, of the aa, Nitrogen fixation and aa3 in A. caulinodans mutant exceeded the qo, of the wild-type; the qo, values of the aa, mutant and the wild-type were 9.2 and 7-7, respectively, at 0.5 kPa and increased to 11.8 and 10.6, respectively, at 3.0 kPa dpO, (Fig. lb) . The qcoz showed the same trend (data not shown) as can be inferred from the constant respiratory quotient (see Table 3 ).
We conclude that in the succinate-limited chemostat, over the whole tested dpO, range and for a specific growth rate of 0.1 h-l, the growth yield of the aa, mutant strain is lower than that of the wild-type.
Previously it has been shown that in cytochrome spectra of N,-fixing A. caulinodans wild-type ORS571 cytochrome aa, is present (Ferdinandy-van Vlerken, 1990 ; Pronk et al., 1993 Pronk et al., , 1995b . These observations together suggest that in the wild-type, cytochrome aa, is active over the entire dp0, range, which renders a substantial decline in P/O ratio with increasing dpO, unlikely in this strain. The same holds true to an even greater extent for the aa, mutant due to the lack of cytochrome aa,.
Consequently, the dependency of the growth efficiency of either strain on the dpO, is more readily explained in terms of auto-protection than in terms of respiratory protection.
Oxygen protection of nitrogen fixation. Originally autoprotection was presented as the in uitro ability of the Feprotein to reduce 0, without being inactivated, when 0, is not in excess (Thorneley & Ashby, 1989) . Most probably, other reduced low-potential electron donors involved in nitrogen fixation are catalytically autooxidizable as well (Robson & Postgate, 1980) . We postulate that these reactions also occur in uiuo.
Obviously, they represent a wastage of reducing equivalents. Importantly, they also represent a spilling of free energy. This is because free energy has been spent to get the electron thermodynamically uphill as far as the Fe-protein. The number of ATP-equivalents (representing ATP and/or ApH+) used in the in uiuo reduction of N, with NAD(P)H has been estimated to amount to 5-6 per electron at optimal dpO, (De Vries et al., 1988; Boogerd et al., 1994) . In principle, the same number of ATP per electron may also be consumed when oxygen instead of dinitrogen is reduced by nitrogenase. This would represent a substantial loss of free energy. Moreover, even if the reduction of oxygen by the Feprotein is not accompanied by the hydrolysis of 2 ATP per electron, as normally observed when the Fe-protein transfers an electron to the MoFe-protein, 3 4 ATP per electron would still be spilled. For other low-potential electron donors a similar reasoning applies, mutatis rnutandis. All in all, reducing equivalents and free energy are lost when 0, is being reduced by nitrogen-fixationspecific low-potential electron donors. This ' spilling ' of reducing equivalents and free energy together yields an alternative explanation for the observed decrease in growth yield of A. caulinodans.
Oxygen consumption will increase as a consequence of auto-protective reactions, partly due to the auto-oxidative reactions themselves, and partly as a consequence of the increases in ATP requirement. It can be theoretically estimated (not shown) that the latter accounts for most of the increase in respiration. Along this line of reasoning, cytochrome aa, helps to keep the rate of ATP synthesis as high as possible by maximizing the P/O ratio. Hence, in the auto-protective hypothesis, regeneration of ATP rather than consumption of 0, at the cell's surface is the function of increased respiration for protecting nitrogenase activity against 0,. Recently, a similar conclusion has been reached for Azotobacter vinelandii (Linkerhagner & Oelze, 1995 , 1997 .
A basic rationale behind the concept of respiratory protection has been that the intracellular oxygen concentration would have to be maintained at a value close to zero. However, this is not likely to be the case, as will be argued here. Calculations on the balance between oxygen consumption and oxygen mass transfer at the cell membrane have indicated that the intracellular dpO, will be almost equal to the extracellular dpO, down to submicromolar levels of oxygen (not shown compatible with this notion. Incomplete oxidation products of oxygen will start to accumulate and these will adversely affect nitrogen fixation and cell growth. In short, in our view, the occurrence of auto-protection enables A. caulinodans to exhibit aerobic diazotrophic growth in the free-living state up to 4-5 kPa dpO,, whereas the absence of respiratory protection causes the cessation of growth beyond this oxygen level.
Growth yield and respiration in chemostat cultures of the wild-type and the aa3 mutant at increasing dpO, with ammonia as N source. Respiratory and auto-protection are nitrogen-fixation-specific protective mechanisms and they should not occur when cells are growing with ammonia. Therefore, it is to be expected that ammoniasustained growth of A. caulinodans is not adversely affected by oxygen. To test this prediction, growth properties of chemostat cultures growing with NH; as the N source either at 0.5 or 3.0 kPa dpO, or under fully aerobic conditions were determined for the wild-type and the aa, mutant. Table 2 (a) shows the steady-state growth properties at the same dilution rate (0.1 h-l) as used for diazotrophic growth. The growth properties of strains ORS571 and 64003 for growth with N, as N source at 0.5 and 3.0 kPa dpO, are also presented for comparison (Table 2b ). In general, two levels of growth efficiencies can be discerned among the five culture types: three culture types (Table 2a ; rows 1, 4 and 5) show lower growth efficiencies than the remaining culture types (Table 2a ; rows 2 and 3). The difference in growth efficiency can be seen from each of the five growth properties measured. Increasing the dpO, from 0-5 to 3.0 kPa has a positive effect on the growth yield of wild-type A. caulinodans, whereas a further increase of 6.4 (1.0; 10) 1.30 (001; 10) 102 (0-7; 10) 100 (09; 10) *Growth properties are derived from Boogerd et al. (1994) .
the oxygen pressure to fully aerobic conditions has no further effect. In contrast, no such positive effect is observed with the aa3 mutant strain; at 0.5 kPa dpO, and under fully aerobic conditions, the growth efficiencies are the same. Moreover, they are similar to that found for the wild-type grown at 0 5 kPa dpO,. A likely explanation for these results is that a redirection of electron flow occurs in the wild-type towards cytochrome aa, when the dpO, is raised from 0-5 to 3-0 kPa. The main conclusion, however, is that the increase in, and the constancy of, the growth yields for ammonia-grown wild-type and aa3 mutant cells (Table  2a) , respectively, contrast strongly with the observed decline in growth yield found for both the wild-type and the aa3 mutant growing under diazotrophic growth conditions in otherwise comparable chemostat cultures (Table 2b) .
Respiratory quotient, PHB content, and elemental composition of cells growing in continuous cultures. The respiratory quotient (RQ), the PHB content ( YoPHB), and the elemental composition of cells (CHNO formula) may vary with the bacterial strain used and upon a change in growth conditions. Metabolic shifts in assimilatory routes may influence the CHNO composition of biomass, and metabolic shift in dissimilatory routes may show up as changes in R Q and/or %PHB. Therefore, the RQ, the %PHB, and the CHNO composition should be determined in order to be able to perform a fully quantitative analysis of continuous cultures of A. caulinodans. Table 3 shows the YoPHB, the RQ, the carbon balance, and the redox balance of the five sets of continuous cultures relevant to this study ; four data sets were obtained in this study and the fifth was gathered previously (Boogerd et al., 1994) . Since
Nitrogen fixation and aa, in A. caulinodans there was no significant regression of %PHB, RQ, carbon balance, or redox balance with the dpO, (not shown), the data are presented as mean values for each of the five sets of continuous cultures. Unchanging %PHB and RQ values indicate that the succinate dissimilation route remains the same at increasing dpO,. Also, there are only minor differences among the four sets of continuous cultures with N, as N source.
All data (107 analyses ; 70 from previous studies and 37 from this study) concerning the elemental composition of dry biomass gathered up to now for diazotrophic cells were pooled, because no significant regression of the percentages of C, H, N and 0 was found, whichever elemental cell composition of PHB-less ammonia-grown cells is then CHl.74Np220p48. Thus, growth with ammonia as N source results in a slightly higher nitrogen content of the structural biomass compared to diazotrophic growth. The carbon and redox balances were constructed using the above cell formula; notably, the redox balance was somewhat lower than usually observed. Since even cells grown in succinate-limited cultures with ammonia as N source produce PHB, in fact just somewhat less than diazotrophic cells, PHB formation can be considered an obligatory part of azorhizobial metabolism.
Growth properties of pH-auxostat cultures with N, as N source
Growth properties of transient-state cultures of the wildtype. Succinate-limited steady-state chemostat cultures (D -0.1 h-l) of N,-fixing A. caulinodans wild-type ORS571 were established at dpO, values of 1.0 kPa and 3.0 kPa. Then succinate (to yield 10 mM) was added to the fermenter vessel and the biomass concentration (oD660), the volumetric rate of oxygen consumption (ro2) and the organic carbon content of the supernatant were regularly measured thereafter (the continuous culture mode was maintained). Upon the addition of succinate, the following changes in the above-mentioned growth properties were observed at the dpO, of 1.0 (Fig.  2a ) and 3.0 kPa (Fig. 2b) , respectively: the OD,,, increased to a maximum of 115% and 108% of the steady-state OD,,, value. The yo rose almost instantaneniiclv tn 1 3 9 O % anA 1 1AoA nf ;he cteadv-ctatp 1pve.l.
This sudden increment was followed by a decline over the next 2-3 h. Then, the ro gradually increased again and reached a maximum of 155% and 127% of the steady-state level. After 5-3 h and 7.9 h, respectively, the roz drastically decreased to a value close to the steadystate level. At the same time the organic carbon content of the supernatant had returned to the steady-state level. The intracellular product PHB was determined for Remarkably, for the culture growing at 3.0 kPa dpO,, the rate of succinate consumption, the rate of biomass formation and the initial jump in 0, consumption were lower than for the culture growing at 1 kPa. As a consequence, more time is needed to consume all of the additional succinate. These findings point to a dependence of hax on the dp0,. Therefore, an investigation into the relationship between the dpO, and pmax was initiated to find out whether there would be differences between the wild-type and the aa, mutant strain that might give insight into the validity of the respiratory and auto-protection concepts.
Control of 0, on the maximum diazotrophic growth rate of the wild-type and the aa3 mutant. In a chemostat, the specific growth rate rather than the so-called growthlimiting factor is controlled by the experimenter (Snoep et al., 1994) ; in other words, the growth rate is a parameter. Also an externally set, but non-limiting factor, such as the dpO,, cannot control the growth rate in a chemostat (Boogerd et aZ., 1996) . Therefore, we used pH-auxostat cultures, in which the specific growth rate is a variable instead, to determine the effect of oxygen and the lack of cytochrome aa, on the growth rate.
According to the respiratory protection hypothesis, the cells increase the flux through their electron-transfer chains to their terminal oxidases. For respiratory protection to be completely effective, respiration should increase proportionally with the dpO,. A second consideration refers to the balance of free-energy metabolism. For, if normal respiration activity is increased to head off an oxygen load, the rate of ATP synthesis will also increase. To avoid limitation by ADP, either ATP hydrolysis should be stimulated or the P/O ratio should be reduced. If respiratory protection sensu strict0 were operational in A. caulilzodans, the rate of ATP synthesis should be essentially independent of the dp0, (for the decrease in P/O ratio should match the increase in respiration) and so should the specific growth rate. The pmax of the wild-type and the aa, mutant was determined at various dpO, values in the range 0.50-3.85 kPa. In contrast with the above reasoning, the specific growth rates of both the wild-type and the aa, mutant were found to decrease with increasing dpO, (Fig. 3a) . In both cases the decrease was statistically significant ( P < 0*05).
The observed decline of pmax with increasing dpO, is consistent with auto-protection (see below).
The pmax of the cytochrome aa, mutant declined in a different way compared to the wild-type however (Fig.  3a) . The pmax of the wild-type was 0.16 h-l at 0.50 kPa and decreased to 0.12 h-l at 3.85 kPa dpO,, whereas the pmax of the aa, mutant was 0.19 h-l at 0.50 kPa and dropped to 010 h-l at 3.85 kPa dp0,. The difference in decline was statistically significant (P < 0.05). Accordingly, the sensitivity of the pmax of the wild-type to the dp0, was less than that of the aa, mutant. This is in line with some function of aa, in the protection against oxygen. The more negative control by oxygen of specific growth rate in the aa, mutant resulted in lower specific growth rates of the latter at dpO, exceeding 1-5 kPa. At low dpO,, the aa, mutant exhibited a higher specific growth rate than did the wild-type. At 0 5 kPa dpO,, the pmax of the aa, mutant is higher than the ,urnax of the wild-type, suggesting extra induction of an oxidase.
Remarkably, at dp0, exceeding 3 kPa the sensitivity of bax of the aa, mutant to the dpO, appears to level off (Fig. 3a) . A similar observation was made for the wild- (Fig. la) , the growth yield on succinate and on 0, turned out to be equal for the wildtype and the aa, mutant when measured in pH-auxostat cultures (Fig. 3b) . Ysuc was 29.6 at 050 kPa dpO, and decreased to 23-3 at 3.85 kPa dpO,. The same trend was observed for the growth yield on 0, (Fig. 3b) . The Yoz decreased from 14-6 at 0.5 kPa to 9.8 at 3.85 kPa dpo,.
The patterns of the decreases in both growth yields with increasing dpO, were, however, similar to those observed in chemostat cultures. Notably, the Ysuc and Yo2 were invariably higher in pH-auxostats than in chemostats (compare Fig. l a and Fig. 3b ), which is presumably due to a lower maintenance demand in the former; the growth rates established in the pH-auxostats were always higher than the set dilution rate of 0-1 h-l in the chemostats.
In contrast to the results obtained with chemostat cultures, the respiration rate of the wild-type and the cytochrome aa, mutant did not increase with increasing dp0,. The qo, of the wild-type stayed more or less constant when the dpO, was increased from 0.50 to 3-85 kPa. For the aa, mutant, the qo, was 13.0 at 0.50 kPa dpO,, and it decreased to 9-6 at 3.85 kPa dpO, (Fig. Sc) . Thus, a similar difference is observed between the qo of the aa, mutant and the wild-type as found for ,urnax, due to the fact that the growth yields on 0, were identical at every dpO,. The specific rates of CO, production were also measured but are not shown, because they differed only by a constant value from the corresponding qoz values (see Table 3 ; RQ). As N, fixation requires a high free-energy input, the ATP production rate, and thus respiration, might well exert control. Along this line of reasoning, the maximum respiration rate of the wild-type, which was observed irrespective of the dpO,, determines the maximum ATP production rate, given a certain P/O ratio, i.e. a certain composition of the respiratory chain. The decrease in pmax at increasing dpO, then becomes understandable, if an increasing part of the ATP production rate is wasted in auto-protection and is thus not available for biosynthetic purposes. For the aa, mutants, the extent of auto-protection is expected to be equal at the same dpO, and since their maximum respiration rate decreased with increasing dpO,, the pmax of the mutants should be expected to decline more steeply than that of the wildtype, as observed experimentally.
The negative effect of the absence of cytochrome aa, surfaces differently in chemostats and pH-auxostats : (i) the aa,-deficient mutant showed lower growth yields than the wild-type in chemostat cultures, but not in pHauxostat cultures, and (ii) at high dpO,, the mutant had lower maximum specific growth rates than the wild-type in pH-auxostats, but identical growth yields. An explanation might be found in the fundamentally different nature of these continuous cultures. In a chemostat, p is set by the experimenter by choosing a dilution rate below pmax and the so-called growth-limiting substrate is an uncontrolled variable, whereas in a pH-auxostat, , u is equal to ,urnax and therefore intrinsically determined by the bacterium. So chemostats might be conducive to maximizing growth yields, and pH-auxostats to maximizing specific growth rates.
In conclusion, whereas cytochrome 6d and cytochrome c66, have been recently ascribed an important role in symbiotic N, fixation (Kaminski et al., 1996) , this study points to a role of cytochrome aa, in free-living diazotrophic growth of A. caulinodans; its role is to maximize the P/O ratio in order to partially compensate for the ATP(-equivalents) lost in autoprotective reactions.
